Temperature-dependent X-ray photoelectron spectroscopy (XPS) and thermal desorption spectrometry (TDS) have been used to study the room-temperature adsorption and thermal evolution of ethanolamine. Like allylamine, the presence of a broad N 1s feature at 399.1 eV commonly attributed to N-Si indicates N-H dissociative adsorption of ethanolamine, while the O 1s feature at 533.1 eV indicates the formation of Si-O bond and O-H dissociation as found in allyl alcohol. Furthermore, a broad C 1s envelope, corresponding to the C-N feature at 284.9 eV and C-O feature at 285.7 eV, is observed. These XPS data are consistent with the [N, O] bidentate staggered and eclipsed ethanolamine conformer adspecies resulting from N-H dissociation and O-H dissociation, as predicted by our Density Functional Theory (DFT) calculations. The adspecies remains stable upon annealing to 595 K, above which C-N and C-O dissociation occurs, as reflected by the conversion of existing XPS features to a new N 1s feature at 397.7 eV corresponding to Si-N(H)-Si and a new O 1s feature at 532.0 eV corresponding to Si-O-Si, with no loss in the respective total intensities up to 1190 K and 1090 K, respectively. The spectral evolution of the N 1s and O 1s features is also consistent with the emergence of a new C 1s envelop near 285.3 eV, corresponding to the dissociated C-C (ethanyl) adspecies, at 595 K. The minor loss (30%) in the total C 1s intensity and the emergence of TDS features of m/z 26, 27, and 28 near 615 K further support that some of the ethanyl adspecies has desorbed as ethylene. The majority of the ethanyl adspecies is found to remain on the surface and is converted at 890 K to SiC, with representative C 1s feature at 283.2 eV. The observed thermal evolution suggests the possibility of thermally controlling the conversion of a double NH and O passivated Si(100) surface at 595 K to a N passivated Si(100) surface at 1190 K. Unlike the multidentate allyl alcohol and allylamine adspecies that are found to be not favoured kinetically, the formation of the present [N, O] bidentate ethanolamine adspecies appears to be kinetically favoured on Si(100)2 × 1.
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INTRODUCTION
Organic functionalization of a Si(100) surface has attracted a lot of recent attention not just in the semiconductor industry but also in emerging applications, including 
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Competitive Bonding of Amino and Hydroxyl Groups in Ethanolamine Radi and Leung Article nanomedicine and molecular electronics. [1] [2] [3] [4] [5] [6] These organic adsorbates are essential and versatile in introducing a variety of new functionalities, including optical, electronic, chemical or biological activity and selectivity, on Si surfaces. 3 7 8 In the asymmetric buckled dimer model for the Si(100)2 ×1 surface, 9 10 one of the two dangling bonds of a surface atom combines with one other dangling bond of a neighbouring atom, forming a strong bond, while the remaining dangling bonds of the dimer pair in effect produces a weak bond. The asymmetric charge distribution of the down-atom and the up-atom of the buckled dimer produces an electrophilic-nucleophilic pair, causing remarkably different site-specific reactivity. 9 11 Among the organic molecules commonly used for functionalization, bifunctional molecules are particularly interesting, because one functional group can be used to anchor the molecule to selected sites on the surface, while the other functional group serves as a new reaction site for selective reactions to occur. For example, bifunctional organic molecules have been reported for use as interconnections between two surfaces, 12 and in protein detection, 13 biological nanoprobes, 14 and molecular electronic components. 15 In order to control the adsorption and the subsequent surface reactions of complex organic molecules on Si(100)2 × 1, systematic studies to better understand the competitions among different functional groups in simpler (or "model") adsorbates would be very useful. We have recently conducted a series of studies involving bifunctional organic molecules on Si(100)2 × 1 surfaces. By comparing the reactivities of several common functional groups, including halogen atoms (Br, 16 Cl), 17 hydroxyl (OH), 18 carbonyl (C O), 18 carboxylic (COOH), 19 and more recently amino (NH 2 groups, 20 to a reference group such as the ethenyl group (C C), we obtain insights into factors that control their reactivities on the 2 × 1 dimer surface. In the present work, we give the first inter-comparison between two of these functional groups, particularly, the hydroxyl and amino groups, in a simple bifunctional molecule, ethanolamine (OH-CH 2 -CH 2 -NH 2 . 21 Along with allyl alcohol 18 and allylamine, 20 the study of ethanolamine completes the comparison cycle among the OH, NH 2 and C C groups. 18 20 Ethanolamine is also a nontoxic, biologically interesting molecule that represents one of the basic building blocks of phospholipids in biological membranes, and in addition to the aforementioned nano-applications, it has also been used in industrial scrubbers, power plants, pharmaceutical and household products. 22 To date, several studies on the interactions of molecules containing either the amino group [23] [24] [25] [26] [27] [28] or the hydroxyl group 2 29-33 with the Si(100)2 × 1 surface have been reported. In general, these studies show that the molecules bind to the 2 × 1 surface through either N-H or O-H dissociation, resulting in the formation of Si-N and Si-O bonds, respectively. 2 23-32 In particular, Wu et al., 23 Cao and Hamers, 24 26 27 Hlil et al., 25 and Kugler et al. 28 found that different amino-containing molecules (including tert-butylamine, diethylamine, and methylethylamine, 23 dimethylamine, 27 1,4-phenylenediamine 28 and other alkylamines 26 ) bind to the 2 × 1 surface through N-H dissociative adsorption by using X-ray photoelectron spectroscopy (XPS). Similarly for the hydroxyl-containing molecules (including propanol, 2 methanol, 29 33 ethanol, 30 isopropanol and tertbutanol, 31 2,3-butanediol 32 ), Zhang et al., 2 Shannon and Campion, 29 Eng et al., 30 Kim et al., 31 32 and Casaletto et al. 33 also observed O-H dissociative adsorption on the 2 × 1 surface by using vibrational and electron-based spectroscopic techniques. In addition, a Fourier Transform Infrared and XPS study on the adsorption of formamide (NH 2 CHO) on Si(100)2 × 1 reported by Bu and Lin 34 showed that NH 2 CHO adsorbs on the 2 × 1 surface through the carboxyl O with the NH 2 group intact.
In our recent work on bifunctional organic molecules, we observe N-H and O-H dissociative adsorption of allylamine and allyl alcohol, 18 respectively. These dissociative adsorption processes are favoured over the [2 + 2] C C cycloaddition, which indicates that the NH 2 and OH groups are more reactive than the ethenyl group on the 2 × 1 surface. The present work will provide the first data on the adsorption of ethanolamine on Si(100)2 × 1, comparing the reactivities of the NH 2 and OH groups specifically within a single molecule. Using XPS and thermal desorption spectrometry (TDS), we show that the adsorption of ethanolamine involves dissociation of both the N-H and O-H bonds on the 2 × 1 surface, producing a unique bridge-like structure [-O C-C N(H)-] between two Si dimer atoms. This result suggests that the NH 2 and OH groups are equally reactive on the Si dimer sites. Our temperature-dependent XPS spectra and TDS profiles further reveal the remarkable stabilities of the resulting organized nanoscale templates of NH and O terminated Si dimer pairs, with ethylene as the only desorbate. These observations are supported by our Density Functional Theory (DFT) calculations of the relevant adstructures on a double-dimer model surface of a Si 15 H 16 cluster.
EXPERIMENTAL AND COMPUTATIONAL DETAILS
A home-built ultrahigh vacuum dual-chamber system with base pressure better than 1 × 10 −10 Torr used for the present work has been described in detail in our earlier work. 35 Briefly, the upper sample preparation chamber was equipped with an ion-sputtering gun for sample cleaning, a four-grid retarding field optics for characterization of surface morphology by low energy electron diffraction and of surface cleanliness by Auger electron spectroscopy, and a gas handling system for sample dosing. 
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The lower analysis chamber was equipped with facilities for XPS and TDS analysis. An XPS electron spectrometer (VG Scientific CLAM-2), consisting of a hemispherical analyser of 100 mm mean radius and a triple-channeltron detector, was used to analyse photoelectrons excited by unmonochromatic Al K radiation (at 1486.6 eV photon energy) delivered by a twin-anode X-ray source. A differentially pumped 1-300 amu quadrupole mass spectrometer (VG Quadrupole SXP Elite) was employed to obtain TDS profiles of selected mass fragments from the sample, at a linear heating rate of 2 K s −1 provided by a home-built programmable proportional-integral-differential temperature controller. 19 The Si sample (10 × 14 mm 2 in size) was cut from a single-side polished, p-type (B-doped) Si(100) wafer (0.4 mm thick) with a resistivity of 0.0080-0.0095 cm (Virginia Semiconductors). After solvent-cleaned and hydrogen-terminated by using a standard RCA method under ambient condition, 36 the sample was mounted on the sample manipulator mechanically by using Ta clamps at both ends, with a type-K thermocouple (wrapped in a Ta foil) securely fastened onto the front face at one end of the sample. 19 37 The surface was cleaned in the preparation chamber by repeated cycles of Ar ion sputtering for 30 minutes (at an Ar gas pressure of 4 × 10 −5 Torr, 20 mA emission current, and 1.5-2 keV ion beam energy) followed by annealing to 900 K for 5 minutes by passing a direct current through the sample. The sample was then flash-annealed to 1100 K for 20 s to obtain the 2×1 reconstructed surface. The cleanliness of the surface was verified by the sharpness of the low energy electron diffraction patterns and the lack of contaminant XPS features (e.g., C 1s and O 1s).
Ethanolamine (99.9% purity), a colourless liquid, was purchased from Sigma-Aldrich and was degassed by several freeze-pump-thaw cycles. Ethanolamine was exposed to the clean Si(100)2 × 1 surface by backfilling the sample preparation chamber to an appropriate exposure pressure (typically 1 × 10 −6 Torr, as monitored by an uncalibrated ionization gauge) using a variable leak valve for a preselected time duration. All exposures were performed at room temperature and reported in units of Langmuir (1 L = 1 × 10 −6 Torr s). Unless stated otherwise, a saturation exposure has been used for both temperaturedependent XPS and TDS experiments. XPS spectra were obtained with an acceptance angle of ±4 at normal emission from the Si sample and a constant pass energy of 50 eV, giving an effective energy resolution of 1.4 eV full-width-at-half-maximum (FWHM) for the Si 2p photopeak. The binding energy (BE) scale of the XPS spectra has been calibrated to the Si 2p feature of the bulk at 99.3 eV. 16 After appropriate background subtraction (using the Shirley background), individual XPS spectral components can be fitted with Gaussian-Lorentzian lineshapes by using the CasaXPS software. For temperature-dependent XPS experiments, the sample was flash-annealed to the preselected temperature and allowed to cool back to room temperature before collecting the XPS spectra. To ensure that the detected mass fragments originate only from the Si sample, TDS profiles were collected after carefully positioning the sample at 1 mm from the orifice (2 mm dia.) of the differentially pumped housing of the mass spectrometer. 37 The temperature scale has been calibrated by using the temperature of desorption maximum for recombinative H 2 desorption from Si monohydrides (780 K), 38 and the uncertainty of determining the desorption maxima was estimated to be ± 30 K.
Equilibrium structures, total energies and vibrational wavenumbers of respective bonds were calculated by using the DFT/B3LYP method 39 with the Gaussian 03 package. 40 The widely used hybrid B3LYP functional, [18] [19] [20] consisting of Becke's 3-parameter gradientcorrected exchange functional 41 and the Lee-YangParr correlation functional, 42 has been employed for determining the ethanolamine adsorption structures on Si(100)2 × 1. Four moderately sized basis sets, including 6-31G(d), 6-31+G(d), 6-31++G(d), and 6-31++G(d, p), were used and found to give similar optimized geometries, with the larger basis set providing a lower total energy. To model the Si(100)2 × 1 surface, we employed the doubledimer cluster (Si 15 H 16 10 43 44 created by using a new procedure discussed elsewhere. 20 45 In accord with the earlier experimental and theoretical studies, [46] [47] [48] [49] our DFT calculations have reaffirmed that the gauche structure is the most stable geometry for ethanolamine in the gas phase. The possibility of the conversion between the gas-phase structures induced by the surface, which may lead to a distribution of several products on the Si(100)2 × 1 surface, has prompted us to consider both gauche (eclipsed) and trans (staggered) conformers in our calculations. Following the work of Vorobyov et al., 49 we obtained the equilibrium structures for the free eclipsed ethanolamine as the most likely conformer for free ethanolamine. Another less likely equilibrium structure was also considered (the staggered conformer), in order to take into account the possible surface effect in transforming the eclipsed to staggered structure and vice versa as the molecule approaching the surface. The optimized conformer structures were then combined with that of the Si 15 H 16 cluster to construct the adsorbate-substrate configurations (ASCs). The corresponding adsorption energy, E, was estimated by the difference between the total energy for the optimized structures of the ASCs and the sum of the total energies of a free conformer and of the Si 15 H 16 cluster. Frequency calculation was also performed for all of the optimized geometries, in order to assure that the local minima correspond to the equilibrium structures and not transition-state structures. All the total energies were obtained without zero-point correction and no basis set superposition error correction was made to E. Figure 1 shows the optimized free-molecule geometries of two ethanolamine conformers at 6-31++G(d, p) basis set. Based on the calculated total energies and vibrational wavenumbers, we identify two local minima at dihedral angles of 55.4 and 177.8 . Table I compares the total energies for the optimized geometries of the conformers for four different basis sets. The total energies of the conformers are found to be effectively identical within the limitation of the present calculation, i.e., with a difference less than 0.005 hartree or 13.05 kJ mol −1 . Figure 2 shows three different types of plausible ASCs obtained from geometry optimization of ethanolamine eclipsed (E) conformer (Fig. 1 , Structure A) and staggered (S) conformer (Fig. 1, Structure B) (Figs. 2(a, c) ) or Si-N and Si-H bonds on a Si dimer pair (Figs. 2(b, d) ). Dissociation of both the O-H and N-H bonds could give rise to the corresponding bidentate ASCs (Figs. 2(e-g) ). Table I summarizes the corresponding adsorption energies and total energies for the ASCs calculated by the DFT/B3LYP method for four different basis sets. Not surprisingly, the total energies of the ASCs obtained by the larger basis sets are more negative than those obtained by the smaller basis sets. The adsorption energies, on the other hand, appear to generally follow an opposite trend with increasing size of the basis set, i.e., with the 6-31++G(d, p) basis set providing the least negative value. Evidently, the adsorption energies for unidentate O-H dissociation ASCs E1 (S1) [ (Fig. 2) , which suggests that O-H dissociation is more thermodynamically favourable than N-H dissociation.
In the case of [O, N] bidentate ASCs, concurrent O-H and N-H dissociation of both the eclipsed and staggered conformers leads to the most thermodynamically stable adstructures with discernibly similar adsorption Fig. 2(f) ), while the cross-dimer ASCs give the least negative E s ( −373 66 -−410 47 kJ mol −1 , Fig. 2(g) ). It is of interest to note that the intra-dimer [O, N] bidentate ASC (Fig. 2(e) ) forms a six-member organosilicon ring [Si-O C-C N(H)-Si], while the inter-dimer ASC (Fig. 2(f) ) and cross-dimer ASC (Fig. 2(g) ) represent a seven-member and a eight-member rings, respectively. In organic chemistry, the reaction pathway is generally faster for closing a six-member ring complex than a seven-member or eightmember ring complex, 50 which suggests that the formation of the intra-dimer ASCs would be faster, i.e., kinetically more favorable, than the inter-dimer ASCs and crossdimer ASCs. As we shall show below that these bidentate ethanolamine ASCs, unlike their corresponding multidentate allyl alcohol 18 and allylamine counterparts, 20 appear to be the most likely adstructures with respect to the experimental data.
It is also of interest to note that the bond lengths for the unidentate and bidentate O-H dissociation and N-H dissociation ASCs are found to be essentially unchanged (within 0.01 Å) from those of the free conformers. The Si-O (1.69 Å) and Si-N bond lengths (1.75 Å) are also identical for all the unidentate and bidentate ASCs. The most notable structural change is found in the dihedral angle of unidentate O-H dissociation ASC E1 (114.9 ) from that of the free E conformer (55.4 ). On the other hand, the dihedral angles for the other three unidentate ASCs (E2, S1 and S2) are relatively unchanged from those of the corresponding free E and S conformers. Changes in the dihedral angles for bidentate ASCs (74.5 for E3, 97.1 for E4, and 59.9 for E5) are considerably less pronounced with respect to the free E conformer (55.4 ) than the S conformer (177.8 ).
XPS Study of Ethanolamine Adsorption on
Si(100)2 × 1 at Room Temperature
The XPS spectra of ethanolamine on Si(100)2 × 1 have been obtained for a number of room-temperature expo- 
L).
No discernible difference in the profile shape is found, which indicates that the adspecies are the same over the studied exposure range. Figure 3 shows representative O 1s, N 1s and C 1s spectra for a low (5 L) and a saturation exposures (100 L). Evidently, except for the lower overall intensities, the shapes of the O 1s, N 1s and C 1s spectra are essentially unchanged from the low exposure to the saturation exposure. Based on the reported literature values for N 1s BEs for the N-H dissociation adspecies (398.5-399.1 eV), [23] [24] [25] [26] [27] [28] -NH 2 physisorbed (399.5-400.1 eV) and N dative-bonded species (401.1-402.3 eV), [23] [24] [25] [26] [27] [28] all on Si(100)2 × 1 surfaces, the single N 1s feature observed at 399.1 eV BE (with 1.6 eV FWHM) (Figs. 3(c, d) ) can be assigned to Si-N(H)-C . The present N 1s assignment is also in excellent agreement with the N 1s BEs for allylamine on Si(100)2 × 1 (398.9 eV) 20 and glycine on Si(111)7 × 7 (399.1 eV), 51 for which dissociative N-H adsorption has been demonstrated. The lower N 1s BE with respect to the terminal amino group commonly found at 399.5-402.3 eV BE [23] [24] [25] [26] [27] [28] can therefore be used to rule out the presence of adspecies not involving N-H dissociation on the surface, i.e., unidentate O-H dissociation ASCs E1 and S1 (Fig. 2) . Furthermore, a single, broad O 1s peak (with 1.9 eV FWHM) is observed at 533.1 eV (Figs. 3(a, b) ), which is in good accord with the Si-O-C moiety found for allyl alcohol and allyl aldehyde (532.6-532.7 eV) 18 and formamide (533.4 eV) 34 adspecies on Si(100)2 × 1. The O 1s feature therefore suggests the presence of O-H dissociation adspecies and the formation of Si-O bonds, which excludes the N-H dissociation unidentate ACSs: E2 and S2 (Fig. 2) . In addition, the broad C 1s spectra (Figs. 3(e, f) ) can be fitted with two peaks at 284.8 eV and 285.7 eV BE (with 2.2 eV FWHM), which can be attributed to C b -N and C a -O bonds, respectively, with an expected unity stoichiometric ratio. The observed higher BEs can be used to rule out the presence of Si−C bonds, with BEs commonly found at 283.2-284.3 eV. 24 26 27 However, the observed BEs are somewhat lower than those reported in the literature for adspecies with individual -C-N-Si (286.0-286.2 eV) 24 26 27 and -C-O-Si components (285.4-286.9 eV), 18 32 52 which is likely due to the formation of a six-member ring found in the bidentate ASCs E3 and S3, as discussed further below. The assertion of the [O, N] bidentate ASCs as the only plausible ethanolamine adstructures on Si(100)2 × 1 can be supported by considering the spectral evolution as a function of temperature discussed below. 
Temperature-Dependent XPS and TDS Studies of Thermal Evolution Products
XPS spectra of N 1s, C 1s and O 1s regions for a saturation (100 L) exposure of ethanolamine on Si(100)2 × 1 collected upon flash-annealing to different temperatures are shown in Figure 4 . The corresponding intensities of individual fitted components, relative to the intensity of the Si 2p peak, are also shown as a function of flash-annealing temperature. Up to the flash-annealing temperature of 595 K, the N 1s feature for Si-N(H)-C at 399.1 eV is found to be essentially unchanged in both intensity and spectral shape (Fig. 4(c) ). From 695 K to 890 K, the N 1s feature for Si-N(H)-C has diminished completely, while a new feature at 397.7 eV BE emerges and becomes the dominant feature. The intensity of the latter feature remains effectively the same upon further flashannealing to 1190 K. In accord with the N 1s BE for amino-containing molecules (397.2-397.8 eV) on Si(100) reported earlier, [23] [24] [25] [26] [27] [28] the N 1s feature at 397.7 eV can be assigned to Si-NH, present either as a radical or bridgebonded to a second Si atom as Si-N(H)-Si, resulting from C-N bond cleavage. The overall intensity of N 1s feature remains effectively unchanged up to the highest flash-annealing temperature (Fig. 4(d) ), which indicates predominant dissociative conversion of the Si-N(H)-C moiety to Si-NH species (at 695-890 K) on the surface without any relevant N-containing desorbates, as shown by our TDS data below.
The O 1s spectrum (Fig. 4(a) ) appears to follow similar thermal evolution as the N 1s spectrum (Fig 4(c) ). In particular, the O 1s peak at 533.1 eV remains stable in intensity and peak profile up to a flash-annealing temperature of 595 K, and it becomes totally diminished at 890 K while a new emerging feature at 532.0 eV, commonly assigned to Si-O-Si, 18 34 grows in intensity. The intensity of the latter feature remains essentially unchanged up to 1090 K and becomes totally quenched at 1190 K (Fig. 4(b) ), likely due to diffusion of O into the bulk. Given that the bond dissociation energy follows the order: C-N (356 kJ mol −1 < C-C (385 kJ mol −1 < C-O (395 kJ mol −1 , 53 the appearance of Si-O-Si feature at 532.0 eV also marks the on-set of total fragmentation of the adspecies.
Unlike the N 1s and O 1s spectra, the thermal evolution of the corresponding C 1s spectral envelope is more complex. In particular, the C 1s band containing the C b -N and C a -O features (at 284.8 eV and 285.7 eV respectively) remains unchanged up to the flash-annealing temperature of 595 K (Fig. 4(e) ), above which a discernible reduction in intensity is found. Between 595 K and 795 K (Fig. 4(e) ), the intensity of the C 1s band undergoes major reduction in intensity and diminishes completely at 995 K. A new feature at 284.2 eV corresponding to C-C 54 55 emerges at 695 K and remains unchanged in intensity up to 890 K, above which its intensity becomes completely reduced (at 995 K). At 795 K, the SiC feature at 283.2 eV 19 23-26 emerges and grows in intensity, becoming the dominant C 1s feature up to 1190 K. The 30% loss of total C 1s intensity at 595-795 K indicates desorption of C-containing fragments (likely ethylene as shown in our TDS data below). At 795 K, the remaining adspecies undergoes further dissociation likely first into C-C containing fragments and CH 2 fragments, followed by formation of SiC.
To determine the desorption products thermally evolved from the adspecies remaining on the surface (as probed by the temperature-dependent XPS spectra in Fig. 4) , TDS experiments were performed. Figure 5 shows the TDS profiles, after smoothing the curves with adjacent point averaging, of selected mass fragments of m/z 2, 26, 27, and 28 for a room-temperature saturation exposure (100 L) of ethanolamine on Si(100)2 × 1. It should be noted that we have also monitored but found no detectable intensity for other N-containing mass fragments, including m/z 17 (NH +  3 and 30 (CH 2 NH + 2 , corresponding to the parent mass of ammonia and to the base masses of ethanolamine and other fragments such as ethylamine and methylamine, respectively. 21 The lack of TDS signals from these fragments indicates that no N-containing species desorbs from the surface and that the N surface content is preserved. This result is in excellent accord with the effective constant total N 1s XPS intensity found up to the maximum flashannealing temperature (1190 K) shown in Figure 4(d) , which confirms that the ethanolamine adspecies (with the N 1s feature at 399.1 eV BE) predominantly converts to Si-N(H)-Si (with N 1s feature at 397.7 eV BE) upon annealing (above 595 K). We also do not detect any TDS signals for m/z 31 (CH 2 OH + , which represents the O-containing mass fragments from ethanol and methyl alcohol. 21 The lack of any detectable TDS signals from Ocontaining fragments indicates O-containing species, like N-containing species, do not desorb from the surface up to the maximum desorption temperature used in the experiment (1190 K). This result is also in excellent agreement with the total O 1s XPS signal remaining unchanged up to 1090 K (Fig. 4(b) ), above which O diffusion into the bulk occurs. Finally, the lack of TDS signals for m/z 29 and m/z 30 (C 2 H + 6 , and m/z 25 (C 2 H + can be used to exclude the formation of ethane and acetylene, respectively. 21 Of the mass fragments that we obtain TDS profiles, the large desorption feature for m/z 2 observed at 780 K ( Fig. 5(a) ) can be attributed to the recombinative desorption of H 2 from silicon monohydrides. 38 The remaining TDS feature for m/z 28, along with those TDS peaks for found in the cracking pattern of ethylene. 21 The desorption of ethylene therefore corresponds to the observed loss of C 1s intensities at 284.8 eV and 285.7 eV BE between 595 K and 695 K shown in Figure 4 (f), which in turn confirms our hypothesis that part of the adspecies desorbs as ethylene.
The formation of ethylene can be easily envisioned from the intra-dimer [O, N] bidentate ASC (Fig. 2(e) ) in a schematic pathway shown in Figure 6 . In this model, the intra-dimer 
CONCLUDING REMARKS
In the present work, we have carried out temperaturedependent XPS and TDS experiments on the roomtemperature adsorption of ethanolamine on Si(100)2 × 1. Detailed DFT calculations, involving both the eclipsed and staggered conformers of ethanolamine on a model surface based on the double-dimer Si 15 H 16 cluster, have also been employed to interpret our data. Our XPS data show that room-temperature adsorption of ethanolamine on Si(100)2 × 1 leads to a [O, N] bidentate adspecies, instead of the unidentate adspecies involving single N-H or O-H dissociation. This result is in good accord with the previous work on the adsorption of aminocontaining and hydroxyl-containing molecules on Si(100), in which N-H dissociative adsorption through the amino group [23] [24] [25] [26] [27] [28] and O-H dissociative adsorption through the hydroxyl group are found to be the primary processes, respectively. 2 29-33 In our earlier work on amino-containing molecule (allylamine), 20 we showed that the adsorption occurs by the cleavage of the N-H bond and the formation of Si-N bond. For O-containing molecules (allyl alcohol, allyl aldehyde, 18 acetic acid, 56 and acrylic acid and propanic acids) 19 on Si(100)2 × 1, we demonstrated that adsorption proceeds through surface reactions of the hydroxyl, 18 carbonyl, 18 and carboxyl 19 groups, by forming O-Si bonds, with the ethenyl group remaining intact. The present work also shows that both the amino and the hydroxyl group react with the 2 × 1 surface through double N-H and O-H dissociation, respectively, forming N-Si and O-Si on the surface. The geometry of the molecule, involving especially the two ethanyl carbon atoms, enables the molecule to rearrange on the surface and bind through both of its ends forming a bridge of Si-O C-C N(H)-Si. Our DFT calculations based on the double-dimer Si 15 being the most stable. The formation of a six-membered ring structure is in marked contrast to that found for formamide, which binds to the surface by forming Si-O bond, leaving the NH 2 group intact. 34 This difference could be attributed to the overall length of the respective adspecies. The formation of ethylene as the sole desorption product and the absence of N-or O-containing species up to temperature of 1190 K indicate the stability of the adsorbate on the surface, particularly the Si-N and the Si-O species.
The formation of Si-N(H), Si-N and Si-O above 595 K is also confirmed by the presence of the respective N 1s and O 1s features in our temperature-dependent XPS study. Surface functionalization of Si(100)2 × 1 by ethanolamine therefore offers a number of interesting control opportunities, by first converting the "double-bond" of a Si dimer of the 2 × 1 surface to a C-C bond of the "bridge" structure, creating a stable, passivated surface. The study of the competition between the adsorption of the hydroxyl and amino groups reveals that both are likely to occur on the surface. By annealing the functionalized hydrophobic surface to 890 K, the organic moiety is desorbed and the surface is transformed to a unique N-and O-terminated Si (with the atoms likely interchanged in their positions in a periodic fashion). This in effect converts the hydrophobic saturated-hydrocarbon surface [Si-O C-C N(H)-Si] to a hydrophilic oxygen (Si-O) and nitrogen (Si-N) mixed surface. Such a conversion can be easily achieved by controlling the annealing temperature and can play an important role in developing the intriguing reaction pathways for organic nanochemistry on a Si substrate. 
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